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Abstract
Background and Aims Biological soil crusts cover
about one third of the terrestrial soil surfaces in drylands,
fulfilling highly important ecosystem services. Their
relevance to global carbon cycling, however, is still
under debate.
Methods We utilized CO2 gas exchange measurements
to investigate the net photosynthetic response of com-
bined cyanobacteria/cyanolichen-, chlorolichen- and
moss-dominated biocrusts and their isolated photoauto-
trophic components to light, temperature, and water.
The results were compared with field studies to evaluate
their compatibility.
Results Different biocrust types responded similarly, be-
ing inhibited by limited and excess water, saturated by
increasing light intensities, and having optimum temper-
atures. Cyanobacteria/cyanolichen-dominated biocrusts
reached their water optimum at lowest contents (0.52–
0.78 mmH2O), were saturated at highest light intensities,
and had a comparably high temperature optimum at
37 °C. Chlorolichen-dominated crusts had a medium
water optimum (0.75–1.15mmH2O), medium saturating
light intensities and a moderate temperature optimum of
22 °C. Moss-dominated biocrusts had the highest water
optimum (1.76–2.38 mm H2O), lowest saturating light
intensities, and a similar temperature optimum at 22 °C.
Isolated photoautotrophs responded similar to complete
crusts, only isolated moss stems revealed much lower
respiration rates compared to complete crusts.
Conclusions In addition to their overall functional similar-
ities, cyanobacteria/cyanolichen-dominated biocrusts ap-
peared to be best adapted to predicted climate change of
increasing temperatures and smaller precipitation events,
followed by chlorolichen-dominated biocrusts. Moss-
dominated biocrusts needed by far the largest amounts of
water, thus likely being prone to anticipated climate change.
Keywords Biological soil crust . CO2 gas exchange .
Photosynthesis . Soil respiration
Introduction
Biological soil crusts, referred to as biocrusts hereafter,
are integral components of drylands on all Earth
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continents, covering an overall area of ~18 million km2,
which corresponds to about 12% of the global terrestrial
surface (Elbert et al. 2012; Rodríguez-Caballero et al.
2018). They consist of communities formed by photo-
autotrophic cyanobacteria, algae, lichens, and bryo-
phytes growing together with heterotrophic fungi, bac-
teria, and archaea (Belnap et al. 2016). All biocrust
organisms are poikilohydric, as they do not actively
regulate their water status, but adapt in a mostly passive
way to the water conditions of the surrounding environ-
ment (Frahm et al. 2010; Belnap et al. 2016). Under dry
conditions they desiccate, becoming physiologically in-
active, and upon re-hydration from water, dew, and/or
fog, they become active again. High air humidity alone
can be utilized by chlorophytes, but not cyanobacteria
(Lange 2003a). Biocrusts occur on ground surfaces in
drylands throughout the world, and, depending on their
prevalent photoautotrophic component, are classified
into cyanobacteria-, lichen-, and bryophyte-dominated
biocrusts (Büdel et al. 2009; Weber et al. 2015). Lichen-
dominated biocrusts are further separated into the major
groups of cyano- and chlorolichen-dominated crusts
depending on the photosynthetically active partner in
the lichen (i.e., algae or cyanobacteria). In the group of
bryophyte-dominated biocrusts, moss- and liverwort-
dominated crusts are distinguished, depending on the
dominating bryophyte phylum (Seppelt et al. 2016).
Biocrusts are highly relevant in dryland ecosystems,
as they stabilize and protect the soil against erosion
(Lange et al. 1998; Campbell et al. 1989; Beyschlag
et al. 2008; Belnap et al. 2016) and influence seed
germination and seedling establishment of plants, as
grasses and shrubs (Li et al. 2005; Coe et al. 2012).
They are hotspots of fungal and bacterial diversity
(Maier et al. 2014, 2016, 2018) and have an impact on
the composition and structure of the soil (Belnap and
Harper 1995; Lange et al. 1998). Biocrusts influence
carbon (C) and nitrogen cycling within the soil (Elbert
et al. 2012; Reed et al. 2012) and trace gas exchange
processes with the atmosphere (Porada et al. 2014;
Lenhart et al. 2015; Weber et al. 2015; Meusel et al.
2018).
CO2 release processes from biocrusts to the atmo-
sphere are caused by respiration of living organisms,
whe r e a s CO2 up t ake i s a c comp l i s hed by
photosynthesizing components (Lange et al. 1998).
Thus, the overall net photosynthesis (NP) or dark respi-
ration (DR) rate measured on biocrusts represents the
sum of all CO2 gas exchange processes occurring during
the measurement interval. Measurements of CO2 gas
exchange rates give information on the physiological
properties of biocrusts with regard to different environ-
mental factors and reveal their overall physiological
performance, and the results may be used for calcula-
tions of overall C balances of biocrusts (Lange 2003c;
Sancho et al. 2016; Büdel et al. 2018). In all CO2 gas
exchange measurements, a potential activity of the sub-
strate alone, as e.g., caused by a dissolution of carbon-
ate, has to be excluded (Sancho et al. 2016).
In the current study, we investigated the CO2 gas
exchange properties of cyanobacteria/cyanolichen- and
chlorolichen-dominated biocrusts, as well as their iso-
lated photosynthesizing components, and compared the
results with those obtained for moss-dominated
biocrusts in a previous study (Weber et al. 2012). We
conducted factorial analyses in the lab, which covered
the full range of temperature, water, and light conditions
experienced under natural conditions. Based on these
data, we determined the points for water and light com-
pensation, light saturation, and water optimum for NP
and DR, to compare the physiological properties of the
different biocrust types and their photoautotrophic com-
ponents. CO2 gas exchange measurements under vary-
ing light and water conditions were also conducted in
the field to serve as reference data during evaluation of
the physiological integrity of biocrust samples after
transport and storage. The aims of the current study
were to investigate i) maximum rates of photosynthesis
within the given range of environmental conditions, ii)
the different physiological properties and adaptations of
the three main biocrust types with regard to the given
environmental conditions and iii) the physiological ac-
tivity of the photoautotrophic as compared to the het-
erotrophic biocrust part.
Materials and methods
Study area
The study was conducted in the vicinity of the BIOTA
observatory Soebatsfontein (No. 22, 30.1865°S,
17.5434°E, 392 m a.s.l., http://www.biota-africa.org),
located within the Succulent Karoo approximately 50
km south-west of Springbok in the Northern Cape
Province, South Africa (Haarmeyer et al. 2010; Kunz
et al. 2012; Weber et al. 2012). The Succulent Karoo is a
semi-desert with semi-arid climate, where most
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precipitation occurs during the winter months (July and
August). In Soebatsfontein, the annual precipitation,
including only rainfall in that case, averages about 131
(97 to 175) mm, as measured by the BIOTA weather
station between the years 2001 and 2009 (Haarmeyer
et al. 2010). Since rainfall is very limited in the
Succulent Karoo, the relative air humidity and frequent
fog events may also promote the high species richness
of this area (Haarmeyer et al. 2010). The mean air
temperature is 19.4 °C and varies between ~42.5 °C in
February and ~3.5 °C in July (Haarmeyer et al. 2010).
The topography and geology of this area is charac-
terized by broad valleys and undulating hills often made
up by granite inselbergs (up to 400 m a.s.l.). The region
is strongly influenced by fossil termite mounds (so-
called heuweltjies), which cause a high variability of
soil parameters (Dojani et al. 2014). Heuweltjie soils are
characterized by finer texture, higher pH-values and
higher concentrations of C, N, and P compared to the
surrounding soils (Kunz et al. 2012). Soils are generally
shallow with varying underlying bedrock of granite and
quartz and soil texture ranges from sandy to silty loam
represented by three dominant soil types, namely
Leptosols, Durisols, and Cambisols (Haarmeyer et al.
2010). The area is situated within the Succulent Karoo
biome, which is known for a unique flora of succulent
plants and very high plant diversity (Van Jaarsveld
1987). The perennial dwarf shrub vegetation, with
Aizoaceae and Asteraceae as the dominating families,
covers about 23% of the land surface (Haarmeyer et al.
2010). The land is utilized by means of small stock
farming, and in regions with higher grazing pressure
perennial species tend to be lost causing a shift to annual
plants and geophytes (Kunz et al. 2012; Haarmeyer et al.
2010).
The Soebatsfontein region is characterized by a
dense coverage of biological soil crusts, covering up
to one third of the landscape and reaching an overall
biomass value of about 480 g ha−1 of chlorophylla + b
at the landscape scale (Rodríguez-Caballero et al.
2017). Within the study area, cyanobacteria-
dominated biocrusts reach the highest cover values
with a minor presence of lichen- and bryophyte-
dominated biocrusts (Bettina Weber, personal obser-
vation). Moss-dominated biocrusts mainly occur be-
low shrubs, whereas cyanobacteria/cyanolichen- and
lichen-dominated biocrusts grow both beneath vege-
tation and in the open plant interspaces (Dojani et al.
2011; Weber et al. 2012).
Sampling and storage
Two different types of biocrusts and bare soil samples
were collected for this study. The first biocrust type was
dominated by cyanobacteria and cyanolichens (hereaf-
ter called cyanobacteria/cyanolichen-dominated
biocrust), as it comprised not only cyanobacteria, with
genera such as Chroococcidiopsis, Pseudanabaena,
Phormidium, Leptolyngbya, Microcoleus, and Nostoc
(Büdel et al. 2009), but also a ~30–80% cover of the
gelatinous cyanolichen Collema coccophorum Tuck.
(Fig. 1a, b). Chlorolichen-dominated biocrusts (the sec-
ond type) were dominated by Psora crenata (Taylor)
Reinke and P. decipiens (Hedwig) Hoffm. (Fig. 1c, d).
P. crenata is indeed phylogenetically and morphologi-
cally closely related to P. decipiens (Eldridge and Ferris
1999; Belnap et al. 2001; Büdel et al. 2013), but is
separated by the presence of larger squamules with a
prominent central depression and the presence of the
norstictic acid (Rosentreter et al. 2007; Leavitt et al.
2018). P. decipiens has been shown to play a crucial
role in biocrust plasticity (Colesie et al. 2017) and
acclimation potential (Williams et al. 2017). A moss-
dominated biocrust (the third type), dominated by the
species Ceratodon purpureus (Hedw.) Brid (Fig. 1e, f)
also occurs at the site and was previously investigated
(Weber et al. 2012). For our laboratory measurements,
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts were collected in October 2010
(after the rainy season).
For sample collection, a petri dish (lined with some
pieces of soft cellulose tissue) was pressed upside down
into biocrusted soil to collect the upper 0.5–1 cm. A
trowel was used to lift the soil together with the petri
dish. The sample was then turned upside down and air-
dried under ambient conditions. After drying, the petri
dishes were closed with the corresponding lids and
sealed with Parafilm (Brand GmbH, Wertheim,
Germany). The samples were transported to the
University of Kaiserslautern, where they were stored
in a freezer at −20 °C until measurements in winter
2011/2012 (chlorolichen-dominated biocrusts) and in
spring 2013 (cyanobacteria/cyanolichen-dominated
biocrusts). Previous measurements have shown that
dry biocrusts could outlast under these conditions with-
out harm (Weber et al. 2012). During a field campaign in
November 2013, samples were taken in the same way as
described above, but then placed in metal baskets for
field measurements.
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CO2 gas exchange measurements under controlled
conditions in the lab
Prior to measurements, the petri dishes were defrosted at
ambient temperature. Samples of appropriate size were
placed into stainless steel baskets (3.5 × 2.5 cm) and fixed
with gas-inert stainless steelwire under a stereomicroscope
(Stemi DV4, Zeiss, Oberkochen, Germany). Subsequently,
the sampleswere kept for at least 48 h in a climate chamber
at 17–22 °C and about 50–100 μmol m−2 s−1 PPFD
(photosynthetic photon flux density) under a light-dark
regime of 12:12 h. Samples were sprayed once a day with
distilled water to activate them.
The CO2 gas exchange measurements were per-
formed under controlled laboratory conditions, utilizing
a portable gas exchange system (GFS 3000, Walz
GmbH, Effeltrich, Germany) with an LED light source
providing 90% red and 10% blue light (3040-L, Walz
GmbH, Effeltrich, Germany). The complete measure-
ment setup was placed in a climate chamber to assure
stable measurement conditions and to avoid condensa-
tion within the cuvette, tubes, or measuring instruments.
The measurement setup was equipped with a humidifi-
cation bottle and a subsequent temperature-controlled
measuring gas cooler (MGK-1, Walz GmbH, Effeltrich,
Germany) so air humidity could be controlled and ex-
cess water removed from the gas after its passage
through the cuvette. Prior to investigation of the biocrust
samples, CO2 gas exchange of bare soil samples col-
lected within the study region was measured and it was
verified that bare soil was inert with regard to CO2
exchange (data not shown).
Fig. 1 Different types of
biocrusts. Pictures present close-
up views of the respective
biocrust types taken with a cam-
era mounted on a stereomicro-
scope. These are cyanobacteria/
cyanolichen-dominated biocrusts
(a, b); chlorolichen-dominated
biocrusts with Psora crenata
(Taylor) Reinke and Psora
decipiens (Hedwig) Hoffm. as
dominating species (c, d); moss-
dominated biocrusts with
Ceratodon purpureus (Hedw.)
Brid as dominating species (e, f).
Pictures a, c and e show biocrusts
in a dry and pictures b, d and f in a
wet status
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We first measured water response curves at 17 °C and
500 μmol m−2 s−1 PPFD. For that, the samples were
wetted to full water holding capacity and NP recorded
until the samples were well beyond maximum NP levels
or completely dry again. Subsequently, combined light
and water response curves were performed at seven
different temperatures (7, 12, 17, 22, 27, 32 and 37 °C).
At each temperature step, the samples were wetted to full
water holding capacity and light cycles with increasing
light intensities (0, 15, 25, 50, 100, 150, 300, 500, 750,
1000, 1250, 1500 μmol m−2 s−1 PPFD) were repeated
until full desiccation. Each light cycle took about 30 min,
i.e. ~2.5 min per light intensity. Before and after each
light cycle, the sample was removed from the cuvette and
weighed to determine the water content. Prior to placing
the sample back into the chamber, a short (3–5 min) zero
value was determined for reference purposes. The mea-
surements were conducted at 80–90% relative air humid-
ity, an airflow of 600 μmol s−1 and a fixed CO2 concen-
tration of 380 ppm.
After finalization of the water and light response
curves, a second water response curve at 17 °C and
500 μmol m−2 s−1 PPFD was performed to evaluate
the physiological stability of the samples. In contrast
to the moss-dominated biocrusts, which had previously
been measured (Weber et al. 2012), both the
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts were stable throughout the mea-
surements. Subsequently, the biocrust fraction below the
photoautotrophic organisms was removed with the help
of tweezers and distilled water, carefully avoiding a
damage of the rhizines and thalli of the samples. In
contrast to cyanobacter ia /cyanol ichen- and
chlorolichen-dominated the moss-dominated biocrusts
were carefu l ly separa ted into moss s tems/
photoautotrophic components and remaining substrate,
which was used for further measurements as described
byWeber et al. (2012). For subsequent measurements of
the photoautotrophic components, the metal baskets
were adjusted to guarantee an equal distance between
the light source and the organisms. Then, the measure-
ments described above were conducted with the photo-
autotrophic biocrust fraction, although an undetermined
amount of fungal and bacterial components would still
be present. For each biocrust type, three replicates were
characterized, one after the other, according to this
protocol.
The surface area of the samples was determined
using digital photos of the samples and the software
ImageJ (National Institutes of Health, Bethesda, MD,
USA). After finalization of the measurements, the
biocrust fractions (photoautotrophic components and
remaining substrate) were dried in an oven at 60 °C
and total dry weight was determined. Chlorophyll ex-
traction was performed according to the method de-
scribed by Caesar et al. (2018; see supplement for
methods description), but without intermediate shaking,
using Dimethylsulfoxide (DMSO) plus a spatula tip of
CaCO3 to avoid acidification and concomitant
phaeophytinization of chlorophyll (Ronen and Galun
1984). After spectrophotometry, the chlorophylla
(Chla) content was calculated according to Arnon et al.
1974, whereas chlorophylla + b (Chla + b) was determined
according to Lange (pers. comm.; Weber et al. 2013;
Caesar et al. 2017).
CO2 gas exchange measurements in the field
CO2 gas exchange measurements in the field were per-
formed at night, since daytime temperatures were too
high and fluctuations were too large to allow measure-
ments at a fixed temperature. For measurements with the
portable gas exchange system (GFS 3000 equipped with
LED light source (3040-L); Walz GmbH, Effeltrich,
Germany), the samples were moistened and light cycles
with increasing light intensities (0, 100, 500, 1000 and
1500 μmol m−2 s−1 PPFD) were repeated until the
samples were dry. . In sum, we investigated five
cyanobacteria/cyanolichen, five chlorolichen- and six
moss-dominated biocrusts (same biocrust types as
those characterized in laboratory measurements of this
and a previous study; Weber et al. 2012).
Data analysis
Since the dry weight of all samples was heavily depen-
dent on the amount of soil beneath the biocrust, the
response curves were related to mm rainfall equivalent
(i.e. amount of water per surface area); however, these
can easily be converted into water content based on the
dry weight or chlorophyll content (Table S1). Optimum
water contents were defined as the span over which at
least 90% of the maximum net photosynthesis rate was
reached. Light response curves represent light cycles at
optimum water content measured at each temperature.
Using water response curves, the water compensation-
point, defined as the water contents at which photosyn-
thetic CO2 uptake is compensated by respiration, were
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determined for all biocrust types plus photoautotrophic
components (Lange 1980). Light saturation was calcu-
lated as the light intensity where 95% of maximum NP
were reached (Lange et al. 1998). Subsequently, for all
samples of each crust type, mean values for each tem-
perature step were determined and the obtained data
were smoothened using the Smith function (Smith
1937, 1938) as described by Lange et al. (1991).
Three-dimensional graphs were designed using the soft-
ware SigmaPlot (SigmaPlot 10.0, Systat Software Inc.,
San Jose (USA), Bangalore (India)). Average values of
different replicates are always shown as mean values ±
standard deviation (SD).
For statistical analyses (OriginPro 2015 64-Bit,
OriginLab Corporation, Northampton, Massachusetts,
USA), all data were first tested for normality (Shapiro-
Wilk test/Anderson–Darling test) and homogeneity of var-
iance (Levene’s test/Brown–Forsythe test). Absolute
values of light compensation points, NP/DR ratio, and
DR (at optimum water content, all temperatures) needed
transformation via a natural logarithm (ln), reciprocal, and
root transformation, respectively, to obtain normally dis-
tributed data. A T-test was performed to compare water
compensation points of biocrusts and photoautotrophic
components. A one-way ANOVAwith a Bonferroni post
hoc test was conducted to compare water compensation
points and maximum NP values of the different biocrust
types (500 μmol m−2 s−1 PPFD, 17 °C, optimum water
content), as well as maximum NP values of field vs.
laboratory measurements at 22 °C (Table S2, S4, S5).
The effect of temperature and biocrust type on light com-
pensation points, NP/DR ratio, maximum NP and DR at
maximumNP (at optimumwater content, all temperatures,
and optimum temperature) was analyzed using a two-way
ANOVAwith a Bonferroni post hoc test (Table S3). For all
tests a significance level of p ≤ 0.05 was chosen.
Data availability All data used in this paper are avail-
able from the corresponding authors upon request.
Results
Response of CO2 gas exchange to changing water
contents
Net photosynthesis of all three biocrust types (complete
biocrusts) and their respective photoautotrophic compo-
nents responded with optimum curves that decreased at
the lower and higher water contents (Fig. 2). Optimum
water contents for moss-dominated biocrusts were ~3.5
and ~2 times higher than those of cyanobacteria/
cyanolichen- and chlorolichen-dominated biocrusts, re-
spectively (cyanobacteria/cyanolichen: 0.52–0.78 mm
H2O; chlorolichen: 0.75–1.15 mm H2O; moss: 1.76–
2.38 mm H2O; Table 1). While moss stems showed
similar optimum water contents compared to the com-
plete crust (1.77–2.28 mm H2O), the photoautotrophic
components from the cyanobacteria/cyanolichen- and
chlorolichen-dominated biocrusts had lower optimum
water contents (0.28–0.55 mm H2O and 0.34–
0.73 mm H2O, respectively; Table 1). Maximum NP
rates at 17 °C and 500 μmol m−2 s−1 PPFD were
significantly lower for cyanobacteria/cyanolichen- (0.7
± 0.2 μmol CO2 m
−2 s−1), compared to moss- (2.3 ±
0.6 μmol CO2 m
−2 s−1) and chlorolichen-dominated
biocrusts (3.0 ± 0.2 μmol CO2 m
−2 s−1; Fig. 2a, c, e,
Table 1, Table S2). The photoautotrophic components of
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts reached similar maximum NP
values as the complete biocrusts (i.e., 1.0 ± 0.2 μmol
CO2 m
−2 s−1 and 3.1 ± 0.0 μmol CO2 m
−2 s−1, respec-
tively), whereas values of isolated moss stems were
significantly higher compared to moss-dominated
biocrusts (3.4 ± 0.5 μmol CO2 m
−2 s−1; Fig. 2b, d, f,
Table 1, Table S2). In contrast, water compensation
points showed no significant differences between
biocrust types and photoautotrophic components, al-
though complete biocrusts reached the compensation
point at slightly higher water contents compared to the
photoautotrophic components (Fig. 2, Table 1,
Table S2). Only after pooling the data, significant dif-
ferences between biocrusts and photoautotrophic com-
ponents (DF = 16; t-value = 2.71; p-value = 0.016) were
observed (Fig. 2, Table 1).
Response of CO2 gas exchange to changing light
and temperature
All types of complete biocrusts as well as their isolated
photoautotrophs responded with saturation curves upon
increasing photosynthetic PPFD. With increasing tem-
perature, saturating PPFD increased for both complete
biocrusts and isolated photoautotrophs (Table 2). In
general, saturating light intensities were highest for
cyanobacteria/cyanolichen-dominated biocrusts (752 to
1301 μmol m−2 s−1 PPFD), being followed by
chlorolichen- and moss-dominated biocrusts (723 to
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Fig. 2 Response of net photosynthesis (NP; closed symbols) and
dark respiration (DR; open symbols) to thallus water content
(calculated as mm-precipitation equivalent) of different biocrust
types and their isolated photoautotrophic components (n = 3).
These are cyanobacteria/cyanolichen-dominated biocrusts (a), iso-
lated cyanobacteria/cyanolichens (b), chlorolichen-dominated
biocrusts (c), isolated chlorolichens (d), moss-dominated biocrusts
(e), and isolated moss stems (f). Complete desiccation cycles
(saturated to air dry) were conducted at 500 μmol m−2 s−1 PPFD
and in the dark, at 17 °C, and 380 ppm. Data on moss-dominated
biocrusts and moss stems are taken from Weber et al. (2012)
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1249 and 468 to 1135 μmol m−2 s−1 PPFD, respectively;
Fig. 3, Table 2). In addition, light compensation points
were higher at increasing temperatures, being signifi-
cantly higher for cyanobacteria/cyanolichen- (123 to
314 μmol m−2 s−1 PPFD) compared to chlorolichen-
and moss-dominated biocrusts (61 to 362 and 32 to
319 μmol m−2 s−1 PPFD, respectively; Fig. 3, Table 2,
Table S3). In contrast to other biocrust types, only moss-
dominated biocrusts had significantly higher light com-
pensation points than isolated moss stems (Fig. 3,
Table 2, Table S3).
Cyanobacteria/cyanolichen-dominated biocrusts and
their isolated photoautotrophs reached highest NP rates
at 37 and 27 °C with values of 2.7 and 2.3 μmol CO2
m−2 s−1, respectively (Fig. 3, Table 2). Comparatively,
chlorolichen- and moss-dominated biocrusts reached
maxima at lower temperature (22 °C; 3.9 and
2.8 μmol CO2 m
−2 s−1, respectively; Fig. 3, Table 2).
At optimum temperatures, the isolated photoautotrophs
reached similar NPmaxima as the complete crusts in the
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts, whereas the isolated moss stems
Table 1 Cardinal points of CO2 gas exchange water/light response curves obtained for cyanobacteria/cyanolichen-, chlorolichen-, and
moss-dominated biocrusts and their isolated photoautotrophs
Sample 1 Sample 2 Sample 3 Mean value ± SD
Water compensation point at 17 °C [mm H2O]
Cyanobacteria/cyanolichen-dominated crust 0.39 0.38 0.31 0.36 ± 0.04
Cyanobacteria/cyanolichens 0.18 0.16 0.13 0.16 ± 0.03
Chlorolichen-dominated crust 0.34 0.34 0.20 0.29 ± 0.08
Chlorolichens 0.11 0.14 0.12 0.12 ± 0.02
Moss-dominated crust 0.36 0.82 0.98 0.72 ± 0.32
Moss stems 0.28 0.64 0.42 0.45 ± 0.18
Optimum water contents at 17 °C [mm H2O]
Cyanobacteria/cyanolichen-dominated crust 0.61–0.69 0.52–0.71 0.70–0.78 0.52–0.78
Cyanobacteria/cyanolichens 0.28–0.45 0.31–0.38 0.40–0.55 0.28–0.55
Chlorolichen-dominated crust 0.78–1.15 0.75–1.09 0.79–1.13 0.75–1.15
Chlorolichens 0.34–0.51 0.48–0.73 0.50–0.65 0.34–0.73
Optimum water contents at optimum temperatures [mm H2O]
Cyanobacteria/cyanolichen-dominated crust (37 °C) 0.58–0.69 0.75–0.87 0.92–1.38 0.58–1.38
Cyanobacteria/cyanolichens (27 °C) 0.29–0.46 0.30–0.39 0.39–0.59 0.29–0.59
Chlorolichen-dominated crust (22 °C) 0.67–1.13 0.74–1.09 0.78–1.10 0.67–1.13
Chlorolichens (22 °C) 0.32–0.47 0.49–0.69 0.48–0.72 0.32–0.72
Moss-dominated crust (22 °C) 1.76–2.38
Moss stems (22 °C) 1.77–2.28
Maximum NP rate at 17 °C [μmol CO2 m
−2 s−1]
Cyanobacteria/cyanolichen-dominated crust 0.7 0.4 0.9 0.7 ± 0.2
Cyanobacteria/cyanolichens 1.1 0.8 1.2 1.0 ± 0.2
Chlorolichen-dominated crust 2.8 3.0 3.2 3.0 ± 0.2
Chlorolichens 3.1 3.1 3.1 3.1 ± 0.0
Moss-dominated crust 2.9 2.3 1.7 2.3 ± 0.6
Moss stems 3.9 3.3 2.9 3.4 ± 0.5
Data represent water compensation points at 17 °C [mm H2O], optimum water contents at 17 °C [mm H2O], optimum water contents at
optimum temperature [mm H2O], and maximum NP rates at 17 °C [μmol CO2 m
−2 s−1 ]. Water compensation points, maximum NP rates,
and optimum water contents at 17 °C were determined using water response curves (500 μmol m−2 s−1 PPFD); optimum water contents
were determined across light cycles (0–1500 μmolm−2 s−1 PPFD). All measurements were performed at 380 ppmCO2. Values obtained for
the individual samples and mean values ± SD are shown (n = 3). Data on moss-dominated biocrusts and moss stems are taken fromWeber
et al. (2012)
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reached significantly higher values (4.0 μmol CO2
m−2 s−1; Fig. 3, Table 2, Table S4) than the complete
moss biocrust. Maximum NP at optimum temperature
differed between chlorolichen- and cyanobacteria/
cyanolichen-dominated biocrusts (Fig. 3, Table 2,
Table S4).
Table 2 Cardinal points of combined light and water CO2 gas exchange response curves of cyanobacteria/cyanolichen-, chlorolichen-, and
moss-dominated biocrusts and their isolated photoautotrophs under optimum water conditions
Temperature [°C]
7 12 17 22 27 32 37
Light compensation point [μmol m−2 s−1 PPFD]
Cyanobacteria/cyanolichen- dominated crust 123 ± 19 169 ± 21 209 ± 47 246 ± 6 282 ± 38 314 ± 44 309 ± 54
Cyanobacteria/cyanolichens 120 ± 45 134 ± 11 136 ± 23 180 ± 51 213 ± 33 234 ± 38 272 ± 23
Chlorolichen-dominated crust 61 ± 8 66 ± 6 95 ± 9 111 ± 2 174 ± 19 225 ± 32 362 ± 34
Chlorolichens 53 ± 8 62 ± 6 75 ± 8 98 ± 12 139 ± 16 202 ± 23 361 ± 29
Moss-dominated crust 32 ± 2 61 ± 18 80 ± 12 112 ± 38 143 ± 34 255 ± 93 319 ± 34
Moss stems 21 ± 4 30 ± 19 46 ± 24 38 ± 18 52 ± 17 76 ± 34 95 ± 2
Saturating irradiance [μmol m−2 s−1 PPFD]
Cyanobacteria/cyanolichen- dominated crust 752 ± 119 907 ± 16 1159 ± 78 1212 ± 24 1283 ± 59 1301 ± 32 1295 ± 47
Cyanobacteria/cyanolichens 702 ± 187 815 ± 46 983 ± 103 1010 ± 113 1155 ± 48 1202 ± 16 1224 ± 16
Chlorolichen-dominated crust 723 ± 58 797 ± 13 869 ± 14 929 ± 19 1030 ± 29 1132 ± 64 1249 ± 28
Chlorolichens 731 ± 38 761 ± 33 793 ± 43 861 ± 38 962 ± 49 1078 ± 57 1227 ± 37
Moss-dominated crust 468 ± 35 569 ± 126 709 ± 95 814 ± 204 881 ± 146 1073 ± 112 1135 ± 26
Moss stems 446 ± 40 519 ± 139 651 ± 118 702 ± 209 780 ± 89 823 ± 73 760 ± 91
Maximum NP rates [μmol CO2 m
−2 s−1]
Cyanobacteria/cyanolichen- dominated crust 0.5 ± 0.1 0.8 ± 0.3 1.4 ± 0.2 1.7 ± 0.1 2.1 ± 0.2 2.5 ± 0.3 2.7 ± 0.4
Cyanobacteria/cyanolichens 0.4 ± 0.2 0.8 ± 0.2 1.6 ± 0.3 1.6 ± 0.3 2.3 ± 0.5 2.2 ± 0.2 2.2 ± 0.0
Chlorolichen-dominated crust 2.5 ± 0.2 3.5 ± 0.2 3.8 ± 0.2 3.9 ± 0.1 3.4 ± 0.1 2.7 ± 0.2 1.6 ± 0.1
Chlorolichens 2.5 ± 0.3 3.4 ± 0.2 3.9 ± 0.2 4.0 ± 0.1 3.5 ± 0.3 3.0 ± 0.7 1.5 ± 0.2
Moss-dominated crust 2.4 ± 0.9 2.3 ± 0.8 2.2 ± 0.5 2.8 ± 0.5 2.6 ± 0.6 1.6 ± 0.8 0.9 ± 0.6
Moss stems 2.6 ± 0.9 2.9 ± 0.8 3.1 ± 0.5 4.0 ± 0.5 4.0 ± 0.5 3.1 ± 0.9 2.7 ± 0.6
DR rates at maximum NP [μmol CO2 m
−2 s−1]
Cyanobacteria/cyanolichen- dominated crust −0.7 ± 0.1 −1.1 ± 0.2 −1.0 ± 0.3 −1.4 ± 0.1 −1.5 ± 0.0 −2.1 ± 0.2 −2.2 ± 0.1
Cyanobacteria/cyanolichens −0.5 ± 0.2 −0.9 ± 0.2 −1.0 ± 0.2 −1.6 ± 0.2 −1.7 ± 0.4 −1.8 ± 0.6 −2.2 ± 0.6
Chlorolichen-dominated crust −0.8 ± 0.1 −1.2 ± 0.0 −1.7 ± 0.2 −2.0 ± 0.2 −2.5 ± 0.2 −2.7 ± 0.1 −3.2 ± 0.3
Chlorolichens −0.7 ± 0.0 −1.1 ± 0.3 −1.6 ± 0.3 −2.0 ± 0.4 −2.4 ± 0.5 −2.9 ± 0.6 −3.7 ± 0.6
Moss-dominated crust −0.6 ± 0.2 −1.2 ± 0.3 −1.5 ± 0.2 −1.9 ± 0.3 −2.4 ± 0.3 −2.9 ± 0.4 −3.6 ± 0.3
Moss stems −0.4 ± 0.2 −0.6 ± 0.3 −0.8 ± 0.5 −0.7 ± 0.2 −0.9 ± 0.3 −1.2 ± 0.4 −1.7 ± 0.2
NP/DR ratio
Cyanobacteria/cyanolichen- dominated crust 0.8 ± 0.2 0.7 ± 0.3 1.4 ± 0.5 1.2 ± 0.2 1.4 ± 0.1 1.2 ± 0.1 1.2 ± 0.1
Cyanobacteria/cyanolichens 0.8 ± 0.3 0.9 ± 0.1 1.7 ± 0.3 1.1 ± 0.2 1.3 ± 0.2 1.4 ± 0.5 1.0 ± 0.2
Chlorolichen-dominated crust 3.0 ± 0.3 3.0 ± 0.3 2.2 ± 0.3 2.0 ± 0.2 1.3 ± 0.1 1.0 ± 0.1 0.5 ± 0.0
Chlorolichens 3.7 ± 0.5 3.2 ± 0.6 2.4 ± 0.4 2.1 ± 0.4 1.5 ± 0.2 1.0 ± 0.0 0.4 ± 0.0
Moss-dominated crust 3.6 ± 1.3 1.9 ± 1.2 1.5 ± 0.4 1.4 ± 0.5 1.0 ± 0.0 0.4 ± 0.2 0.3 ± 0.4
Moss stems 6.3 ± 1.6 5.2 ± 1.6 4.8 ± 1.7 6.0 ± 2.5 4.5 ± 1.9 2.4 ± 1.0 1.6 ± 0.7
Data represent light compensation points [μmol m−2 s−1 PPFD], saturating irradiances [μmol m−2 s−1 PPFD], maximum NP rates [μmol
CO2 m
−2 s−1 ], DR values at maximum NP [μmol CO2 m
−2 s−1 ], and NP/DR ratios at 7, 12, 17, 22, 27, 32, and 37 °C. Measurements were
performed at light intensities between 0 and 1500 μmol m−2 s−1 PPFD and 380 ppm CO2. Mean values ± SD (n = 3) reflect physiological
properties under optimum water conditions. Data on moss-dominated biocrusts and moss stems are taken from Weber et al. (2012)
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For all types of biocrusts and the corresponding
photoautotrophic components respiration rates in-
creased with rising temperatures (Fig. 3; Table 2).
Respiration rates of cyanobacteria/cyanolichen- and
chlorolichen-dominated biocrusts did not differ signifi-
cantly from these of their isolated photoautotrophs, but
DR rates at maximum NP of chlorolichen-dominated
biocrusts showed a larger increase in response to higher
temperatures than the cyanobacteria/cyanolichen-
dominated crusts (Table 2, Table S3). DR rates of
moss-dominated biocrusts tended to be higher com-
pared to other biocrusts types (Table 2, Table S3) and
displayed a strong temperature-dependent increase, sim-
ilar to chlorolichen-dominated biocrusts and their pho-
toautotrophs (Table 2). In contrast to that, isolated moss
stems had significantly lower DR rates (−0.4 to
−1.7 μmol CO2 m−2 s−1; Table 2, Table S3).
CO2 gas exchange patterns in response to varying
water, light and temperature values showed clear differ-
ences for the three types of biocrusts (Fig. 4). While
CO2 gas exchange rates of cyanobacteria/cyanolichen-
dominated biocrusts increased with rising temperatures
and reached their maximum at 37 °C, chlorolichen- and
moss-dominated biocrusts reached maximumNP values
at 22 (−27)°C, which decreased again at higher temper-
atures (Table 2). Saturating light intensities of moss-
dominated biocrusts covered a wide range (468–
1135 μmol m−2 s−1 PPFD); this was narrower for
cyanobacteria/cyanolichen- and chlorolichen-
domina t ed b ioc rus t s (752–1301 and 723–
1249 μmol m−2 s−1 PPFD, respectively; Fig. 4,
Table 2). Mean NP/DR ratios (carbon use efficiency)
reached 0.8–1.4 for cyanobacteria/cyanolichen-domi-
nated, 0.5–3.0 for chlorolichen-dominated, and 0.3–3.6
for moss-dominated biocrusts, with significant
differences between chlorolichen- and moss-dominated
biocrusts (two-way ANOVA; factors: biocrust type,
temperature; Table 2, Table S4). These ratios decreased
with rising temperatures in chlorolichen- and moss-
dominated biocrusts; in contrast, cyanobacteria/
cyanolichen-dominated biocrusts showed no clear pat-
tern. Comparing complete biocrusts with their photoau-
totrophs, only moss-dominated biocrusts showed signif-
icant differences compared to moss stems, where values
decreased along temperatures representing carbon use
efficiency values from 6.3–1.6 (Table 2, Table S4). For
the isolated photoautotrophs, NP/DR ratios differed sig-
nificantly between moss stems and the other two types
(Table 2, Table S4).
CO2 gas exchange rates measured in the field were in a
similar range but had larger variability than the lab
measurements. Both in the field and the lab,
chlorolichen-dominated biocrusts reached the highest
values, followed by moss- and cyanobacteria/
cyanolichen-dominated biocrusts (Fig. 5). Field- and lab
measurements of cyanobacteria/cyanolichen- and
chlorolichen-dominated biocrusts showed no significant
differences with regard to maximum NP, whereas lab
measurements of moss-dominated biocrusts were sig-
nificantly higher than those measured in the field (DF =
5; t-value = 3.88; p-value = 0.017; Fig. 5; Table S5).
Discussion
CO2 gas exchange properties differed substantially be-
tween biocrust types (Table S2, S3). Cyanobacteria/
cyanolichen-dominated biocrusts reached their highest
NP rates at 37 °C with only moderate respiration rates,
and were characterized by highest light compensation
points and saturating light intensities. In comparison,
chlorolichen-dominated crusts reached significantly
higher maximum NP rates already at 22 °C (Table 2,
Table S4), whereas light compensation and saturating
light intensities were somewhat lower (Table 2). Moss-
dominated biocrusts, which had already been measured
in an earlier study, also had their maximumNP at 22 °C,
revealed large respiration rates at temperatures above
22 °C and had the lowest light compensation and satu-
ration values, particularly at low ambient temperatures
(Table 2). Properties of isolated photoautotrophs were
similar to complete biocrusts for cyanobacteria/
cyanolichen- and chlorolichen-dominated biocrusts,
Fig. 3 Response of CO2 gas exchange to increasing
photosynthetic photon flux density (PPFD) at different tempera-
tures of different biocrust types (closed symbols) and their isolated
photoautotrophs (open symbols; n = 3). (a) cyanobacteria/
cyanolichen-dominated biocrust; (b) isolated cyanobacteria/
cyanolichens; (c) chlorolichen-dominated biocrust; (d) isolated
chlorolichens; (e) moss-dominated biocrust; (f) isolated moss
stems. Measurements were conducted under optimum water con-
ditions and at 380 ppm CO2. At the measured light intensities
mean values ± SD are shown. Smoothing of values was accom-
plished with the Smith function (Smith 1937, 1938) as described
by Lange et al. (1991). Data on moss-dominated biocrusts and
moss stems are taken from Weber et al. (2012)
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whereas isolated moss stems as compared to moss-
dominated biocrusts showed significantly higher maxi-
mum NP and significantly lower DR values with in-
creasing differences towards high temperatures (Fig. 3,
Table 2, Table S3).
Response of CO2 gas exchange to changing water
contents
All biocrust types showed uniform optimum response
curves of NP to water content, which were lower at low
and high water contents (Fig. 2; Table 1). Low NP
values at very low water contents are known to be
caused by decreased photosynthetic activity due to de-
hydration and inhibition of the biochemical machinery
(Lange et al. 1999). NP reduction at high water contents
is a common phenomenon observed in many lichens,
caused by increased diffusion resistance, which limits
CO2 supply to the photobionts (Cowan et al. 1992;
Green et al. 1994; Lange et al. 1997, 1999). At high
water contents, a film of water within the lichen thallus
may act as a barrier to CO2 diffusion, since its diffusion
rate in water is ~104 times slower than in air (Green et al.
1981).
The current study region is characterized by semi-
arid to arid climate with precipitation being mostly
restricted to minor rainfall events (Haarmeyer et al.
2010). Thus, an adaptation towards water supra-
saturation does not seem to be necessary within this
environment. This is different within other environ-
ments, as e.g., under temperate habitat conditions,
where lichens like Cladonia convoluta (= C. foliacea)
show no depression at high water contents (Lange and
Green 2003, Green and Proctor 2016). On the other
hand, NP rates of chlorolichen-dominated biocrusts
from the Sonoran Desert were reduced to ~60% of
maximum rates after moderate suprasaturation (Büdel
et al. 2013), and also in the cyanolichen Collema tenax,
which forms a regular component in biocrusts of the
southwestern US, depression of NP at high water con-
tents has previously been observed (Lange et al. 1998).
In mosses, depression of NP at high water contents is
often less pronounced, as they have the greater ability to
Fig. 5 CO2 gas exchange rates at increasing photosynthetic pho-
ton flux density (PPFD), 22 °C, 380 ppm, and optimum water
content obtained during field (A; closed symbols) and lab mea-
surements (B; open symbols). Different colors represent values of
cyanobacteria/cyanolichen- (blue square), chlorolichen- (red cir-
cle), and moss-dominated biocrusts (green triangle). Smoothing of
values was accomplished with the Smith function (Smith 1937,
1938) as described in Lange et al. (1991). Data onmoss-dominated
biocrusts andmoss stems are taken fromWeber et al. (2012). Mean
values ± SD are shown at measured light intensity steps (lab
measurements n = 3; field measurements: cyanobacteria/
cyanolichen- and chlorolichen-dominated biocrusts n = 5, moss-
dominated biocrusts n = 6)
Fig. 4 CO2 gas exchange of cyanobacteria/cyanolichen-
(a,d,g,j,m), chlorolichen- (b,e,h,k,n), and moss-dominated
biocrusts (c,f,i,l,o) at varying photosynthetic photon flux density
(PPFD) and water content. Measurements at 7 (a-c), 12 (d-f), 22
(g-i), 32 (j-l), and 37 °C (m-o), conducted at 380 ppm CO2, are
shown. Data on moss-dominated biocrusts and moss stems are
taken from Weber et al. (2012). Representative data of one
replicate are shown
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separate stored extracellular water from photosynthetic
exchange surfaces (Green and Proctor 2016).
Bryophytes adapt to high water contents with shoots
and ornamentation of their surfaces to provide capillary
spaces for water storage, while they also have unstruc-
tured surfaces, which serve for gas exchange without
CO2 diffusion barriers (Green et al. 1994; Green and
Proctor 2016).
These physiological characteristics with regard to
water utilization are reflected by different microhabitats
utilized by the investigated biocrust types. Mosses and
liverworts have been shown to preferably grow under
shrubs and in shade-protected exposure (Bowker et al.
2016; Li et al. 2016), where water conditions are more
favorable (Weber et al. 2012), resulting in reduced soil
evaporation and thus longer crust activity on the micro-
scale. This can be an important factor in determining
crustal thickness and distribution patterns (Veste and
Littmann 2006). On the contrary, the cover of lichens,
with the most frequent species being Collema
coccophorum, Peccania arabica, Psora crenata and
Placidium squamulosum, is very patchy due to the large
spatial variability of soils with regard to pH, electrical
conductivity, cover of stones and anthropogenic impacts
(Haarmeyer et al. 2010). In the current study, the opti-
mum water contents of cyanobacteria/cyanolichen-
dominated biocrusts ranged between 0.52 and
0.78 mm H2O, being similar to these of cyanolichen-
dominated biocrusts from the Sonoran Desert, where
values reached 0.72–1.17 mm (Petula richardsii) and
0.48–1.05 mmH2O (Petula patellata). The cyanolichen
Collema tenax reached maximum NP values at slightly
higher water contents of 1.06 ± 0.12 mm H2O (Lange
et al. 1998; Büdel et al. 2013). Biocrusts of the
Bood jamul l a Na t iona l Pa rk (nor thwes t e rn
Queensland), mainly consisting of the cyanobacteria
Sypmplocastrum purpurascens and Scytonema sp. with
small amounts of Nostoc sp. reached optimum NP
values at very similar water contents of 0.49–0.77 mm
H2O (Büdel et al. 2018).
Chlorolichen-dominated biocrusts accomplished
maximum NP values at water contents ranging between
0.75 and 1.15 mm H2O, whereas isolated photoauto-
trophs needed 0.34–0.73 mm H2O for optimum NP
rates. Lange et al. (1997) calculated very similar opti-
mum water contents (between 0.39 and 0.94 mm H2O)
for the chlorolichens Diploschistes diacapsis, Psora
cerebriformis, and Squamarina lentigera. Optimumwa-
ter contents of moss-dominated biocrusts were very
high, ranging from 1.76 to 2.38 mm H2O, and nearly
similar to the values determined for isolated moss stems
(1.77 to 2.28 mm H2O). High optimum water contents
of moss-dominated biocrusts have also been observed in
previous studies (Dilks and Proctor 1979) and are rea-
sonable, as bryophytes are known to have substantial
water storage capacities (Warren 2003; Belnap 2006;
Seitz et al. 2017).
The standardized precipitation-evaporation index
(SPEI), taking into account both precipitation and po-
tential evapotranspiration (PET) in determining drought,
predicts a general increase in drought cover for South
Africa during the next decades (Vicente-Serrano et al.
2015; Department of Environmental Affairs 2017).
Thus, our data indicate that mosses with their high water
demands may suffer most severely from the anticipated
climate change, being followed by chlorolichen-
dominated biocrusts, while cyanobacteria-dominated
biocrusts with their low water-demands and high tem-
perature optimum seem to be well-adapted to changing
climatic conditions. These results confirm previous ex-
perimental studies, where bryophytes were shown to be
killed by smaller more frequent precipitation events
(Reed et al. 2012).
Water compensation points of cyanobacteria/
cyanolichen- (0.36 ± 0.04 mm H2O) and chlorolichen-
dominated biocrusts (0.29 ± 0.08 mmH2O) tended to be
slightly, but insignificantly, lower than those of moss-
dominated biocrusts (0.72 ± 0.32 mm H2O; Table 1,
Table S2). This is in line with previous observations,
where lichen-dominated biocrusts (Diploschistes
diacapsis, Psora cerebriformis, and Squamarina
lentigera) have been described to have low water com-
pensation points between 0.05 and 0.27 mm H2O
(Lange et al. 1997).
AveragemaximumNP rates of water response curves
at 17 °C and 500 μmol m−2 s−1 PPFD showed no
significant differences between measurements in the
beginning and in the end of the experiments for
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts as well as their photoautotrophs,
indicating that the organisms did not suffer from the
long measuring period.
DR of cyanobacteria/cyanolichen-dominated
biocrusts and photoautotrophs in response to varying
water content differed from other biocrust types, as
values were strongly depressed at high water contents.
Such a depression of DR upon supersaturation was also
observed for Collema tenax as described by Lange et al.
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(1998). For lichen-dominated biocrusts with
Diploschistes diacapsis, Psora cerebriformis, and
Squamarina lentigera as dominating photoautotrophs
also previous studies showed no depression of DR at
high water contents (Lange et al. 1997).
Response of CO2 gas exchange to changing light
and temperature
CO2 gas exchange measurements revealed that the NP
of cyanobacteria/cyanolichen-dominated biocrusts and
their photoautotrophs was adapted to high temperatures
(~27–37 °C), whereas the temperature optimum of
chlorolichen- and moss-dominated biocrusts and the
photoautotrophs ranged around 22–27 °C. These mea-
surements are in line with earlier studies by Lange et al.
(1998), who observed a temperature optimum above
30 °C for Collema tenax, whereas that of the
chlorolichens Psora cerebriformis and Diploschistes
diacapsis was around 20–25 °C. They pointed out that
cyanobacterial photobionts might contribute to the high
temperature optimum of cyanolichens, as an adaptation
to high temperatures has also been observed for
cyanobacterial epilithic dryland lichens (i.e. Petula
capensis; Wessels and Kappen 1993) and the tropical
lichen Dictyonema glabratum (Green et al. 1994). The
photobiont of C. tenax is protected against
photoinhibition by a dark thallus, which allows the
utilization of high light intensities when the sun is also
warming the lichen (Lange et al. 1998). Our maximum
measured temperature was 37 °C, and we thus could not
determine if that is the optimum temperature for
cyanobacteria/cyanolichen-dominated biocrusts or if it
is even somewhat higher. However, Lange et al. (1998)
investigated Collema tenax at temperatures up to 41 °C
and they found NP rates strongly decreased at tempera-
tures above 37 °C, thus supporting a temperature opti-
mum at ~37 °C. Zhao et al. (2010) presented an opti-
mum temperature range between 20 and 25 °C for moss-
and between 25 and 30 °C for cyanobacteria-dominated
biocrusts of the Hilly Loess Plateau region of China. At
low temperatures of 7 or 12 °C cyanobacteria/
cyanolichen-dominated biocrusts and their photoauto-
trophs showed by far lower maximum NP rates (0.4 to
0.8 μmol CO2 m
−2 s−1) compared to moss- and
chlorolichen-dominated biocrusts and their photoauto-
trophs (2.3–3.5 μmol CO2 m
−2 s−1).
Maximum NP values of cyanobacteria/cyanolichen-
and moss-dominated biocrusts were similar with 2.7 and
2.8 μmol CO2 m
−2 s−1, respectively, whereas
chlorolichen-dominated crusts reached significantly
higher values of 3.9 μmol CO2 m
−2 s−1 (Table 2;
Table S4). The values of cyanobacteria/cyanolichen-
dominated biocrusts are similar to the results of lab
measurements by Brostoff et al. (2005) for
cyanobacteria-dominated crusts growing on dunes
(~2.5 μmol CO2m
−2 s−1). Cyanolichen-dominated crusts
with Petula richardsii and Petula patellata had some-
what lower maximum NP rates of 1.4 and 1.9 μmol CO2
m−2 s−1, respectively (Büdel et al. 2013). Only Collema
tenax from Utah, USA, reached much higher maximum
NP values of about 5.3 ± 0.9 μmol CO2 m
−2 s−1 under
optimum conditions (Lange et al. 1998). This may be
reinforced by the cyanolichen-dominance in these sam-
ples, whereas our samples comprised only a minor frac-
tion of cyanolichens but were dominated by
cyanobacteria, which generally tend to have lower NP
rates (Lange 2003a). High maximum NP rates of
chlorolichen-dominated biocrusts and lichens isolated
from the soil have also been observed for Psora
cerebriformis, Diploschistes diacapsis, and Squamarina
lentigera, which reached maximum NP values between
2.6 and 5.2 μmol CO2m
−2 s−1 (Lange et al. 1997). Moss-
dominated biocrusts reached maximum NP rates similar
to measurements of Pleurozium schreberi (~2 μmol CO2
m−2 s−1; Williams and Flanagan 1996) and higher than
those obtained for temperate rainforest mosses (~1.3 to
1.8 μmol CO2 m
−2 s−1; DeLucia et al. 2003).
Maximum NP rates of isolated photoautotrophs of
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts at optimum temperatures were sim-
ilar to the complete biocrusts (2.3 and 4.0 μmol CO2
m−2 s−1, respectively), whereas isolated moss stems
reached by far higher values (4.0 μmol CO2 m
−2 s−1)
(Table 2, Table S4). This illustrates that the heterotro-
phic components of moss-dominated biocrusts have
high respiration rates, whereas the heterotrophs in
cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts had only a minor effect. Several
studies provide evidence that different stages of
biocrusts control the microbial community composition
and this may affect physiological properties such as soil
respiration (Cleveland et al. 2007; Liu et al. 2017, Maier
et al. 2018). One has to keep in mind, however, that also
the photoautotrophic components isolated from the un-
derlying substrate were not sterile, but certainly com-
prised some bacteria and fungi on their surface and
potentially also within thalli (Maier et al. 2014). The
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high respiration rates of moss-dominated biocrusts in
this study are likely caused by large quantities of dead
organic matter (i.e., plant litter and other dead moss
material), which may feed larger quantities of bacteria
and fungi compared to other biocrust types (Cleveland
et al. 2007). Particularly high respiration rates of moss-
dominated biocrusts from northern China were also
observed by Zhao et al. (2014) after major rainfall
events. In studies conducted in the central part of the
Iberian Peninsula soil respiration rates were twice as
high in well-developed late compared to early succes-
sional biocrusts and they were significantly higher in
areas dominated by biocrusts compared to open
microsites with low biocrust cover (Castillo-Monroy
et al. 2011; Escolar et al. 2015). Thus, lower soil respi-
ration rates of cyanobacteria/cyanolichen- and
chlorolichen-dominated biocrusts may also partly be
explained by lower nutrient availability within the inter-
spaces between shrubs.
Carbon use efficiency (NP/DR) of chlorolichen- and
moss-dominated biocrusts was in the commonly-
observed range of ~0.3−3.6, which has also been ob-
served for other biocrust lichens (Lange et al. 1997). For
biocrusts of a temperate site in Germany and of
Antarctica, carbon use efficiencies of ~2–5 were ob-
served (Colesie et al. 2014; Gypser et al. 2016). Values
of cyanobacteria/cyanolichen-dominated biocrusts, on
the other hand, were surprisingly low (0.7–1.4), as the
cyanolichen Collema tenax previously was shown to
have a quotient of ~0.5–5 (Lange et al. 1998). Carbon
use efficiency of isolated moss stems was highest, rang-
ing between 1.6 and 6.3 with highest values reached at
low temperatures. Similarly high or even higher quo-
tients of ~8–10 have also been previously described for
the epilithic lichen Lecanora muralis (Lange 2003b).
Summarizing the factorial analyses, cyanobacteria/
cyanolichen-dominated biocrusts reached the highest
NP values under relatively low moisture and high tem-
perature conditions, chlorolichen-dominated biocrusts
under low moisture but medium temperature levels,
and moss-dominated biocrusts under high moisture
and medium temperature regimes. Similar physiological
properties were also shown for cyanobacteria- and
moss-dominated biocrusts of Loess Plateau region,
China (Zhao et al. 2010).
Although biocrusts in desert regions are only active
during a minor fraction of the year, as their activity is
inevitably linked to moisture availability, they may still
play a relevant role in carbon cycling of drylands, where
vascular plant vegetation is sparse (Sancho et al. 2016).
It was recently shown that their metabolic activity can
be predicted from relative air humidity and air temper-
ature within the study area (Raggio et al. 2017). Thus,
knowledge of these environmental conditions and the
physiological properties of biocrusts are indispensable
for calculations of ecological performance and carbon
balance (Lange et al. 1997).
Based on their physiological performance, biocrusts
not only affect global biogeochemical cycles (Weber
et al. 2015; Porada et al. 2017), but the different biocrust
types have also been shown to host different microbial
communities (Maier et al. 2018). Soil texture also varies
between biocrust types, as cyanobacteria-dominated
biocrusts have a layering structure of fine and coarse
substrate fractions, which does not exist in moss-
dominated biocrusts (Garcia-Pichel et al. 2016).
Cyanobacteria, lichens, and mosses have been shown
to accelerate weathering of minerals, and biocrusts of
later successional stages, which are more active and
complex, were suggested to more strongly accelerate
mineral weathering than earlier successional ones
(Chen et al. 2009). Additionally, biocrust soils have
been found to be enriched in C and N, whereas they
were depleted in Ca, Cr, Mn, Cu, Zn, As, and Zr con-
tents (Beraldi-Campesi et al. 2009).
Respiration of heterotrophic biocrust fraction
Soil respiration was only clearly visible in CO2 gas
exchange measurements of moss-dominated biocrusts
and moss stems as previously described by Weber et al.
(2012). The respiration rates of the heterotrophic frac-
tion without moss stems were up to −2.0 μmol CO2
m−2 s−1, which caused by far lower absolute values of
NP/DR ratios of moss-dominated biocrusts as compared
to moss stems (Table 2, Table S3). We could not find
such high soil respiration rates in the other biocrust
types, as they did not reveal big differences in CO2 gas
exchange values between complete biocrusts and pho-
toautotrophic components (Figs. 3 and 4; Table 2). Soil
respiration could be caused by abiotic CO2 formation
from soil carbonates as well as by the biological activity
of heterotrophic organisms within the soil (Rey 2015;
Sancho et al. 2016). Weber et al. (2012) already
underlined the importance of measuring complete
biocrusts as well as the isolated components of them.
Soil moisture can also be relevant, as moisture pulses
have been shown to cause enhanced soil respiration,
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which may last for weeks or even longer (Bowling et al.
2011). Recent studies also indicate that varying micro-
bial communities may cause different soil respiration
rates of different types of biocrusts (Li et al. 2013; Liu
et al. 2017; Chilton et al. 2017; Maier et al. 2018).
Field vs. laboratory work
Our measurements revealed that field and lab measure-
ments of cyanobacteria/cyanolichen- and chlorolichen-
dominated biocrusts corresponded well, illustrating that
factorial analyses conducted in the lab are well suited to
determine the physiological properties of biocrusts un-
der field conditions (Fig. 5). The results show that our
sample treatment was suitable and had no significant
effect on biocrust vitality. Only in formerly analyzed
moss-dominated biocrusts there was a difference in rates
between the lab and the field, with lab rates significantly
higher (Fig. 5, Table S5). This was likely caused by
problems with overall vitality of the samples, which
required the introduction of a correction factor (for
further details see Weber et al. 2012).
Our study allowed us to fulfill our three main re-
search aims. Highest maximum NP rates were reached
by chlorolichen-dominated biocrusts (3.9 μmol CO2
m−2 s−1), followed by cyanobacteria/cyanolichen- and
moss-dominated biocrusts, which reached similar
values (2.7 and 2.8 μmol CO2 m
−2 s−1, respectively).
Cyanobacteria/cyanolichen-dominated biocrusts were
adapted to high temperatures (~37 °C), whereas the
temperature optimum of chlorolichen- and moss-
dominated biocrusts ranged around 22 °C. All biocrust
types showed optimum curves with regard to water.
Both light compensation and light saturation points
increased with increasing temperatures and were highest
for cyanobacteria/cyanolichen-dominated biocrusts, be-
ing followed by chlorolichen- and moss-dominated
biocrusts. Respiration of the heterotrophic biocrust frac-
tion was only clearly visible for moss-dominated
biocrusts, whereas for cyanobacteria/cyanolichen- and
chlorolichen-dominated biocrusts it was negligible.
Conclusions
The physiological activity of all three biocrust types was
primarily driven by water availability, being influenced
by both l igh t and tempera ture condi t ions .
Cyanobacteria-dominated biocrusts reached optimum
NP rates at lowest water contents and highest light
intensities and temperatures. Chlorolichen-dominated
biocrusts took a medium position, as optimum NP was
measured at medium water contents and light intensities
and temperatures of 22 °C. Moss-dominated biocrusts
needed largest amounts of water, lowest light intensities
and also medium temperatures for optimum NP rates.
These differential physiological adaptations are likely
reflected by differences in carbon allocation patterns
over the course of the year and moss-dominated
biocrusts are anticipated to suffer most from the expect-
ed changes of climate.
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